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The Regulation of Pulmonary Blood Flow That the pulmonary circulation can respond actively to the action of chemical agents is now established, although it is probably true to say that the occasions on which such an action has been unequivocally demonstrated are rather fewer than is generally believed. The pathological responses of the system in conditions of abnormal flow and pressure have also been well worked out. This paper is concerned with the mechanical influences which affect the pulmonary circulation since their role is so much more important than in the systemic circulation.
First we have to consider the relation between flow and pressure in the system. The pulmonary circulation does not possess the complex and sensitive system of nervous control which exists in the systemic, and so its response to an increase in flow has to be imagined in more simple mechanical terms. If the circuit behaved as an assembly of rigid tubes, then, with laminar flow, the pressure in the pulmonary artery should increase in a linear fashion with any increase in flow. If, on the other hand, the resistance vessels are capable of distending when the pressure inside them increases, the relation between pressure and flow will be a curved one. It follows that, in such a system, the value of the resistance is not fixed but falls automatically with an increase in flow.
It has been known for some time that the pressure in the pulmonary artery of patients who have had a lung removed is within normal limits provided that the remaining lung is normal. The existence of a greatly increased pulmonary blood flow in patients with an atrial septal defect is also known to be compatible with only a slight increase in pulmonary arterial pressure. In both these circumstances, however, the blood vessels have had time to adapt to an abnormal situation and this may not give a true indication of how the pressure is immediately related to changes in flow. The conclusion that, in the recumbent position, the pulmonary resistance vessels do not distend significantly when the flow through them doubles is contrary to what is generally believed. Perhaps the main reason why the pulmonary vascular resistance has been thought to be so dependent on flow is that the magnitude of the venous pressure has been overlooked. In the lungs the venous pressure is so close to the arterial that it cannot be ignored in the calculation of resistance. Thus, although AP may increase in proportion to an increase in flow, the pulmonary arterial pressure itself will not do so. Variations in the level of the pulmonary venous pressure can also give rise to misconceptions when the actions of drugs are considered. Drugs which cause constriction in the systemic circuit, for instance, will tend to squeeze blood out of the systemic into the pulmonary circuit and both circuits will share in the increase in static pressure. In this way the pulmonary venous and pulmonary arterial pressures will increase by the same amount. This is the cause, for instance, of the pulmonary hypertension which follows the injection of dihydroergotamine (Harris et al. 1963) . Both AP and the pulmonary blood flow remain unchanged so that the resistance is constant. A general increase in the blood volume by means of the infusion of dextran solutions has been shown to have a similar effect (Fleming & Bloom 1957) .
The constancy of the pulmonary vascular resistance during the administration of dihydroergotamine or the infusion of dextran is consistent with the rectilinear relation observed between pressure and flow in the normal pulmonary circulation. The common implication is that the vessels which are the chief site of resistance do not significantly increase their calibre when the transmural pressure is raised to this extent. It would seem that they are, for all practical purposes, maximally distended in the recumbent position.
Such a limitation in distensibility need not be surprising. The extensibility of vessel walls has been found to decrease with an increasing extensile load in all systemic blood vessels large enough to be studied in this fashion (Burton 1954) and this applies also to the larger elastic branches of the pulmonary artery (Harris et al. 1965) .
But, while the pulmonary 'resistance' vessels may fail to distend with an increasing transmural pressure, they might still be expected to narrow when the transmural pressure fell, depending on the shape of the relation which exists between force and extension in their walls. It is here that the magnitude of the pressure outside the vessels may become important. An increase in the alveolar gas pressure would lessen the transmural pressure in the capillaries and small arterial branches and would tend to compress them.
An increase in the alveolar gas pressure would, however, have other predictable effects on the circulation. It would tend to squeeze blood out of the lungs, heart and great vessels within the thorax into the remainder of the systemic circulation. The process would be limited by the degree of distensibility of the extrathoracic portion of the systemic circulation and there would be a general increase in 'static' pressure throughout the entire circulation. This would include the pulmonary arteries and veins. There may well, also, be a decrease in the cardiac output as in the extreme instance of the Valsalva manceuvre. Nevertheless, any increase in alveolar pressure would be expected to have its greatest effect on the small vessels of the lungs, since those vessels which lie outside the lung will be partly protected by the forces of elastic recoil in the lung.
In a normal person, when the alveolar pressure is artificially increased by increasing the atmospheric pressure at the mouth, there is an increase in the wedge pressure, a greater increase in the pulmonary arterial pressure, a slight decrease in the cardiac output, and an increase in the pulmonary vascular resistance. Fig 2 shows the influence of increasing the mouth pressure on the pressure-flow relation in the pulmonary circulation studied by the technique used in Fig 1. During pressure breathing the relation is steeper, indicating an increased resistance, but it has also become curved in a direction which suggests that the resistance vessels widen with an increasing flow. The combination of these two changes could be explained by compression of the resistance vessels which both increases their resistance and allows them to expand when, with an increased flow, the transmural pressure is restored to normal.
In patients with chronic bronchitis the shape of the pressure-flow relation in the pulmonary circulation is similar to that observed in normal people when the mouth pressure is increased (Fig  3) which suggests the possibility that the resistance vessels are being compressed by an increased alveolar pressure. Some degree of increase in the mean alveolar pressure might be expected in these patients since the airways resistance is greater in expiration than inspiration and since the mean intrapleural pressure is known to be higher than normal (Christie 1934) . But, apart from any increase in mean alveolar pressure, an abnormally wide ventilatory swing in pressure would have a similar effect. This follows from the observation that the pulmonary resistance vessels appear to be compressible but not distensible so that the relation between transmural pressure and resistance is not a straight line. Thus, where there is an increased airways resistance, the lower alveolar pressure during inspiration will not greatly distend the small pulmonary blood vessels while the higher alveolar pressure during expiration will compress them. The average pulmonary vascular resistance throughout the respiratory cycle will thus be increased. The phenomenon may be demonstrated by measuring the effects of voluntary hyperventilation. In a patient with chronic bronchitis hyperventilation causes an increase in the pulmonary arterial pressure and in the pulmonary vascular resistance. In a normal person this does not occur (Harris, Segel, Green & Housley 1967, unpublished observations) . It seems likely that hyperventilation is the cause of the increased pulmonary vascular resistance which occurs during exercise in patients with chronic bronchitis . Fig 3 shows how, during exercise, the pressure-flow relation in the pulmonary circulation is shifted away from its resting position in a bronchitic patient indicating a vascular resistance which is inappropriately high for the magnitude of the blood flow. By contrast (Fig I) in normal people the hiemodynamic observations during exercise fall on the line of the resting relation. Increases in the wedge pressure in patients with chronic bronchitis occur both during exercise (Harris, Segel & Bishop 1967, unpublished observations) and during hyperventilation (Harris, Segel, Green & Housley 1967, unpublished observations) and it seems possible that these are due to an increased mean intrathoracic pressure.
It would seem likely that the mechanical influence of the increased airways resistance on the pulmonary vascular resistance plays an important part in the production of pulmonary hypertension in patients with chronic bronchitis. There is a significant reciprocal relation between the two resistances among patients suffering from this disease (Harris, Segel, Green & Housley 1967, unpublished observations) and the pulmonary arterial pressure rises dramatically during episodes of acute bronchitis.
Finally, we have to consider some mechanical factors influencing the distribution of the flow of blood within the lung. In the upright position, the pressure in the pulmonary artery is insufficient to allow it to perfuse the apices of the lungs (Mattson & Carlens 1955 , West & Dollery 1960 . Further down the lung it is likely that there will be a zone in which the pulmonary arterial pressure exceeds the alveolar pressure, but in which the alveolar pressure still exceeds the venous piessure. In such a zone the flow of blood would be determined by the relation of the arterial to the alveolar pressure rather than by the relation of the arterial to the venous pressure (Banister & Torrance 1960 , Permutt et al. 1962 , West et al. 1964 , West & Dollery 1965 . Below such an area the hydrostatic pressure becomes sufficient to cause both the arterial and the venous pressures to exceed the alveolar.
The occurrence of such zones within the upright lung would result in a curvilinear relation between AP and flow under normal conditions. Conversely, the absence of any demonstrable curvilinearity in the relation between AP and flow in the pulmonary circulation of a normal person lying down suggests that the venous pressure exceeds the alveolar pressure throughout the lung in these circumstances.
